The destruction of CD4 þ T cells and eventual induction of immunodeficiency is a hallmark of the human immunodeficiency virus type 1 infection (HIV-1). However, the mechanism of this destruction remains unresolved. Several auxiliary proteins have been proposed to play a role in this aspect of HIV pathogenesis including a 14 kDa protein named viral protein R (Vpr). Vpr has been implicated in the regulation of various cellular functions including apoptosis, cell cycle arrest, differentiation, and immune suppression. However, the mechanism(s) involved in Vprmediated apoptosis remains unresolved, and several proposed mechanisms for these effects are under investigation. In this review, we discuss the possibility that some of these proposed pathways might converge to modulate Vpr's behavior. Further, we also discuss caveats and future directions for investigation of the interesting biology of this HIV accessory gene.
Introduction
A hallmark of human immunodeficiency virus type 1 (HIV-1) infection has been CD4 þ T-ell depletion and eventual immunodeficiency. Reports from different groups have suggested that various HIV proteins are involved in this process. 1 One of these proteins is viral protein R (Vpr), a 14 kDa accessory gene, implicated in various functions including cell cycle arrest, nuclear migration, and apoptosis. 2, 3 Importantly, several key observations augment the importance of Vpr in engendering HIV-1 pathogenesis. First, mutations to key amino acids of Vpr have been associated with long-term nonprogressive HIV infections. 4 Second, patient-erived viral isolates with normal capability to replicate but without cytotoxicity have been described. These viruses contain Q3R mutations and premature stop codons in vpr. 5 Lastly, experiments involving Vpr-deleted viruses have suggested that Vpr is necessary for the infection of macrophages and nondividing CD4 þ T cells by facilitating nuclear entry. 6, 7 Collectively, such evidence suggests that Vpr is an important cytotoxic component of HIV-1 infection (Table 1) .
Although early experiments concentrated on the role of Vpr within a virus-intact infection setting, recent evidence suggests a physiological role for virus-free extracellular Vpr. For instance, a functional Vpr protein has been purified from serum and cerebrospinal fluid of infected patients. 8 The purified Vpr has been shown to have transactivational and cytotoxic properties in CD4 þ T cells and neurons, respectively. [8] [9] [10] Such results suggest that Vpr's cellular effects can manifest through various mechanisms including entry of free Vpr into uninfected, activated CD4 þ T cells for destruction. Accordingly, we review the questions surrounding the biochemical mechanism of Vpr-induced cell death. Other reviews have previously described the elucidated mechanism of Vpr-regulated cell death, 3, 11, 12 but this review will concentrate on the puzzles and enigmas associated with this death.
because the experiments were conducted in an overexpression model and because a true loss of function experiment remains elusive. However, what information is available on this preserved member of the Vpr receptor-GR complex is interesting. For example, VIP-1 knockout mice have been shown to be embryonically lethal in mice shortly after transplantation into the blastocyst, suggesting a necessary role of this gene product in embryogenesis. In addition, antisense-mediated inhibition of VIP-1 expression in tumor cells lead to cell cycle arrest in a manner similar to Vpr treatment of cells, suggesting a role for VIP-1 in the cell cycle arrest function of Vpr (Figure 1a) . However, whether the interaction between Vpr and VIP-1 is required for Vpr to manifest its cell cycle arrest remains undetermined. 14, 16 Nonetheless, the activity of this complex also suggests a potential role for GR in the Vpr-VIP-1-mediated cellular effects. Specifically, it is believed that Vpr-mediated activation of GR regulates the nuclear migration of both VIP-1 and GR. Furthermore, this is further augmented by GR antagonists such as Mifepristone (Mif), which can reverse the Vprstimulated nuclear migration of VIP-1. However, an association with these results and Vpr's pleiotropic functions remain speculative as true loss of function experiments have yet to have been conducted.
The GR antagonist Mif was implemented in various studies to further probe these important molecular relationships. It was reported that Vpr functioned in a manner similar to steroids by inhibiting NF-kappa B (NF-kB) activation, perhaps through the upregulation of IkB-a. [17] [18] [19] Secondly, Mif was sufficient to reverse the cellular apoptosis phenotype of Vprtreated cells, suggesting that at least the interaction between Vpr-GR was necessary for apoptosis ( Figure 1b) . A report from Kino et al. 20 also proposed that Vpr augments the transcriptional potential of the steroid-GR complex by functioning as a coactivator. These results, in conjunction with the ability of GR activation to stimulate cell death, provided clues into the claim that GR activation by Vpr is necessary for apoptosis. Vpr recruit yet to be determined factor(s) into the complex, which can yield GR-independent phenotypes? Lastly, is the Vpr-GR signal pathway a stimulator of apoptosis or a potentiator? Considering that NF-kB plays an essential role in protecting against various apoptotic factors, it remains undetermined if Vpr merely potentiates cell death by inhibiting antiapoptotic pathways, or if it can directly induce cell death. Interestingly, treatment of Vpr in Jurkat cells that endogenously overexpress Bcl-2 is sufficient to downregulate its expression. 21 However, whether this phenotype is a direct consequence of GR-Vpr-dependent signaling remains undetermined.
Role of the Vpr/VIP-1 Interaction in the Context of the COP9 Signalosome (CSN)
It is thought that Vpr interacts intracellularly with its ligand VIP-1 (Mov34) and this may have effects on GR-mediated apoptosis. In recent years, interesting insight has been acquired into the function of this interacting protein VIP-1. VIP-1 (a CSN6 protein) is a member of a family of proteins that make up the COP9 signalosome (CSN) complex. The CSN is a highly conserved, multifunctional protein complex that is comprised of eight different subunits, CSN1-CSN8. 22 Initially discovered in the mustard weed Arabidopsis thaliana, most or all of the subunits of this complex are encoded in the genomes of humans, Caenorhabditis elegans, Drosophila melanogaster, Schizosaccharomyces pombe, and Schizosaccharomyces cerevisiae. The characteristic feature of these proteins is the PCI/PINT and the MPN/Mov34 signature domains; six contain the PCI domain and two the MPN domain. 22, 23 Interestingly, these two domains are found in two Vpr-regulated cell death K Muthumani et al other large protein complexes: the 26S proteasome lid complex and the eukaryotic translation initiation factor 3 (eIF3). In fact, CSN often copurifies with components of the proteasome and eIF3 in protein assays. 24 Initially in A. thaliana, CSN was found to play a role in the ubiquination of the light-inducible HY5 transcription factor, preferentially targeting it for proteolysis during periods of darkness. 25 It has now been revealed that the CSN complex participates in a wide variety of cellular processes ranging from ubiquination to cell cycle regulation. A major target of CSN is the SCF ubiquitin ligase complex, a key E3 enzyme that catalyzes a key step in ubiquitin conjugation to proteins destined for destruction. CSN binds to a key component of the SCF, CUL1, and regulates its activity through the cleavage of a regulatory molecule Nedd8, a compound that neddlyates CUL1. Neddylation of CUL1 enhances the ability of SCF to ubiquinate proteins. [26] [27] [28] Thus, CSN is a negative regulator of ubiquination in this setting. Paradoxically, in genetic analysis, a role for CSN as a positive regulator of ubiquination has been observed. Interestingly, neddylation is required for ubiquitin-dependent proteolysis of p27 kip1 , IkB, and HIF-1a. Through the regulation of p27 by the CSN complex, it is thought that CSN may play a role in regulating the cell cycle. In fact, microinjection of purified CSN temporarily blocks the S-phase entry in a deneddylationdependent manner when injected into synchronized G1 cells. In addition, CSN1 and CSN2 also play a role in S-phase progression in S. pombe.
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CSN can also act as a protein kinase, phosphorylating cJun, IkBa, p105, and tumor suppressor p53. In this setting, it is thought that CSN targets p53 for degradation, meanwhile, stabilizing the c-Jun molecule and contributing to the JNK activation of AP-1. It is thought that the members of the CSN complex, namely CSN2 and CSN5, also play a role in nuclear hormone-mediated gene expression through the direct interaction with nuclear receptors such as the thyroid hormone receptor, the progesterone receptor, and with coactivators such as steroid receptor coactivator-1 (SRC-1). 22, 25, 31 It is clear that the CSN complex plays an important role in the regulation of diverse cellular processes, but more work is necessary to further examine the role of the Vpr/VIP-1 interaction in the context of this signalosome (Figure 2 ). For instance, only one subunit (VIP-1) of CSN has been biochemically and genetically purified with Vpr thus far, suggesting that any mechanisms involving CSN in Vprmediated effects are currently speculative. It has been shown that eIF3/INT-6 interacts strongly with CSN6 and that A. thaliana deficient in CSN6 exhibit diverse developmental defects, including homeotic organ transformation, symmetric body organization, and organ boundary definition, and have a high level of ubiquinated proteins. 32, 33 In addition, VIP-1 has been shown to be embryonically lethal in mice shortly after transplantation into the blastocyst, and antisense-mediated inhibition leads to cell cycle arrest. However, any conclusions drawn from Vpr-VIP-1 interaction as a causation of apoptosis or cell cycle arrest remains premature because loss of function experiments with antisense VIP-1 could be a result of various bystander effects including alterations in proteolysis, ubiquitination, translation, etc. Therefore, further work needs to be conducted on the effect of Vpr on mediating these and other CSN activities and the potential role of these interactions in regulating apoptosis.
Direct Effect on the Mitochondria Membrane Potential (MMP) by Vpr
Some of the earliest reports of Vpr's effects on apoptosis suggests that inhibiting caspase activation by overexpression of antiapoptotic genes or chemical treatment was sufficient to repress Vpr-induced apoptosis. 34, 35 Pathways involving activation of both caspases 8 and 9 have been reported,
Figure 2 Possible interaction of Vpr and CSN through Mov34/VIP-1
Vpr-regulated cell death K Muthumani et al although the former was in differentiated neuronal cells with gp120 cotreatment. 21, 36 Recently, the hypothesis that mitochondria disruption is involved in Vpr-induced cell death has been fortified by various reports (Figure 3) . A potential mechanism was postulated by Jacotot et al., 37 who studied the effect of Vpr directly on isolated mitochondria, whereby it was reported to interact with the mitochondria transition pore complex. Specifically, the carboxyl-terminus of Vpr interacts with the adenine nucleotide translocator (ANT) in the nM range and forms large conductance channels and, consequently, decouples the respiratory chain and induces inner mitochondria depolarization. 38 The effect can be attenuated with the overexpression of Bcl-2, which prevents the interaction of Vpr with the complex. However, the role of the mitochondria gateway factors Bak/Bax in Vpr-mediated disruption of MMP remains undetermined, 39 although the fact that Vpr can directly interact with ANT suggests that Vpr may be an aberrant apoptotic molecule that can bypass this requirement.
Recently, an interesting report by Roumier et al. 40 applied loss of function experiments to determine the physiological role for the mitochondrial pathway for Vpr-induced cell death. The authors used cells deficient in caspase activators (APAF-1 and caspase 9) or AIF-1 and caspase 9 inhibitors to suggest that a caspase-independent mitochondrial death pathway was involved. However, considering that overexpression of Bcl-2 and the cytomegalovirus-encoded ANT-targeting protein vMIA is sufficient to prevent both Vpr-induced MMP and cell death, it indicates that another factor not yet determined is likely required for cell death to manifest. The purification of this factor(s) may answer several interesting questions regarding the role of Vpr and the mitochondria in cell death. First, if this is the necessary factor, it suggests that any observations of caspase action may just be bystander activation and not necessarily a causation factor. Second, if caspase activation is not necessary, then perhaps an ATP-independent form of cell death-including necrosis may also be physiologically important as observed in primary neuronal cells. 41 Lastly, the possibility that the mitochondria is not necessary for apoptosis per se, but rather this unknown factor, raises intriguing teleological questions about the involvement of the mitochondria to potentiate this form of caspase-independent cell death. If the paradigm of mitochondria disruption is not required, then what is the benefit for HIV, and specifically Vpr, to target a critical organelle involved in various cellular homeostasis including ATP generation, metabolism, etc.? Indeed, it will be interesting to ascertain answers to these perplexing questions, which will provide important insight into the enigmatic behavior of HIV on host cells as influenced by Vpr.
Is there a Functional Link between VprInduced Cell Cycle Arrest and Apoptosis?
Early observations from different cell lines suggested that Vpr possesses potent differentiating and antiproliferative properties. 42 The growth arrest was induced in the G 2 /M phase with a concomitant hyperphosphorylation of p34cdc2. [43] [44] [45] Early observations suggested that cell cycle arrest and apoptosis were coupled as a direct correlation of the two were observed. 46, 47 Further, cells grown with serum had a greater propensity for Vpr-induced toxicity, indicating that growth arrest was necessary for apoptosis. 48 It is also interesting to note that certain factors that regulate the cell cycle have been invariably associated with Vpr-induced death. First, RNAi experiments suggest that the depletion of the cell cycle inhibitory kinase Wee1 is necessary for Vpr to prompt apoptosis, as Wee1 overexpression attenuates cell death. 49 Secondly, Vpr was shown to mimic the DNA-alkylating agent nitrogen mustard for its effects on cell cycle arrest. 50 Furthermore, other DNA damage checkpoint factors, including ATR (ataxia-telangiectasia and Rad3-related), were shown to be required for Vpr to stimulate cell cycle arrest. 51 Lastly, both cell viability and viral gene expression regulated by Vpr correlated with its ability to regulate cell cycle arrest. 52 However, a caveat to these findings is that Vpr does not require the tumor suppressor protein p53 to manifest cell death. 21 Therefore, a complete linear pathway involving the activation of p53-dependent genes under DNA damage does not seem to be necessary for the Vpr-related effects. 53 Nonetheless, when taken together, these several results suggest that an intricate relationship might exist between these two processes.
However, an analysis of the differing motifs of Vpr suggests otherwise. For instance, Nishizawa et al. 54 have suggested that cell cycle arrest may not be necessary for apoptosis to transpire. Further, mere treatment of purified mitochondria with Vpr induces membrane potential dissipation, suggesting that cell cycle effects may not be directly required or may merely be an ancillary function to augment or potentiate cell death. 37 Similar dissection experiments have determined that these various functions including nuclear localization, apoptosis, cell cycle arrest, and transactivation do not require the same regional motifs of Vpr. [55] [56] [57] A caveat here is that in vitro experiments with isolated organelles provide important information but may not mimic the entire in vivo functions of Vpr's and interactions with the host cells. This is potentially due to lack of interaction or potentiation with other relevant host pathways. Although such mutagenesis studies have delineated the differing regions of Vpr necessary to manifest its pleiotropic functions, a complete repudiation of their dependence on one another is premature. For instance, many of these experiments were predicated on highly correlative patterns of phenotype, which fails to provide an unequivocal loss of function conclusion. This is important because there is a possibility that Vpr's interaction via a certain motif may potentiate another motif to functionally carry out its phenotype. Therefore, mutagenesis studies may suggest the dichotomy of these functions, even though they may be inexplicably linked. Therefore, a more comprehensive investigation involving the mix matching of differing mutants and subsequent recovery assays is likely warranted.
Heat-shock Protein 70 (HSP70) is an Antagonists of Vpr
The initial observation of any relationship between Vpr and HSP70 involved the compensation of HSP70 for Vpr in regulating the nuclear migration of HIV's preintegration complex. 58 Interestingly, mild heat shock or recombinant HSP70 was sufficient to impede viral replication, but failed to do so in viruses lacking Vpr. Furthermore, such heat-shock conditions actually augmented infection in Vpr-deleted viruses. 59 In addition, HSP70 overexpression was also sufficient to attenuate both cell cycle arrest and apoptosis, and RNAi of HSP70 increased the sensitivity of host cells for apoptosis, cell cycle arrest, and viral replication. 60 The authors also purified Vpr in complex with HSP70 with the mild detergent CHAPS, suggesting that a direct or indirect interaction is involved. 59, 60 A fascinating question that arises is whether this interaction is a direct or a complex involving certain adaptors form. If a direct interaction is responsible, then it suggests that HSP70 perturbs Vpr's various functions by binding and nullifying it in a manner similar to a neutralizing antibody. However, if a complex is involved, HSP70 could prevent Vpr from binding to its target host receptor or could perturb the function of this receptor. If the latter of the possibilities is true, then it suggests that Vpr's interaction with this receptor is responsible for commencing its various pleiotropic phenotypes.
Levels of Vpr can Influence Apoptotic Sensitivity
Despite the many proapoptotic reports of Vpr activity discussed above, a potential caveat is that they were conducted predominantly in an overexpression setting. Reports by several groups have suggested that the quantity of Vpr expression may have different biological phenotypes. For instance, CD4
þ Jurkat or HEP-2 cells expressing low and constitutive levels of Vpr become more resistant to apoptosis rather than promoting or potentiating it. 61, 62 Further, Jurkat CD4 þ T cells exposed to Vpr also exhibit an upregulation of Bcl-2 and a concomitant downregulation of Bax, suggesting that post-transcriptional regulation is involved in manifesting an antiapoptotic phenotype. These findings raise important questions regarding Vpr's pernicious versus benevolent functions. It is interesting to speculate as others have, if early entry and infection of the host cell by HIV-1 is associated with low expression to prevent the host cell from dying prior to high levels of viral particles being produced. These studies also raise the possibility that Vpr's cytotoxic effects may be important even as a shed protein.
Concluding Thoughts
Despite the influx of reports on the mechanism of Vpr-induced apoptosis, a universal model remains nebulous. Several reports have isolated proteins or interactions that are necessary for this death process to manifest (Figure 4 ). An early report suggested that the interaction of Vpr and GR was necessary for apoptosis to be initiated. 17 Studies also suggested that Vpr directly targets the mitochondria for membrane potential depolarization, suggesting that Vpr-ANT interaction is required. 37 Chen and colleagues, via RNAi-mediated loss of function experiments, concluded that the depletion of Wee1 is also required for Vpr to prompt apoptosis. 49 Lastly, investigations into the role of heat-shock proteins have determined that HSP70 is likely both necessary and sufficient to inhibit many of Vpr's destructive effects, which highlights its importance. 60 Despite these differences in complexes and targets, these studies do not preclude the potential of an inclusive model that requires all of these factors. It is also a possibility that each necessary component functions to initiate inductively apoptosis or potentiate the host to allow apoptosis to transpire. However, several remaining gaps need to be filled. First, the mechanism of HSP70-mediated attenuation of Vpr-induced cell death needs to be ascertained. Since HSP70 is sufficient to inhibit several aspects of Vpr's pleiotropic properties, it is likely that HSP70's effects are manifested early on during Vpr's cellular entry. Therefore, elucidation of the mechanism of HSP70's inhibition (i.e. direct interaction versus inhibition of Vpr's receptor function) will resolve some of these ambiguities and may clarify its functions compared to pathway inhibition. Second, the role of GR (i.e. transcriptional or mere interaction) and Vpr needs to be further resolved. Although the GR-Vpr interaction is necessary, whether Vpr functions exclusively as a steroid imitator or if other gain of function properties are involved in this activity remains undetermined. Lastly, it is clear that Vpr can directly target the mitochondria for depolarization, but whether this in itself is sufficient for driving apoptosis in vivo remains undetermined. For instance, Vpr's signaling through the GR pathway has been shown to inhibit the survival NF-kB pathway, 17 which can ideally repress antiapoptotic factors such as Bcl-2. Therefore, the elucidated factors and the pathways discussed may not be mutually exclusive. 
